Abstract: Layer-and tunnel-structured manganese oxide nanomaterials are important because of their potential applications in industrial catalysis. A novel soft chemistry method was developed for the synthesis of inorganic cryptomelane nanomaterials with high surface area. Bright field transmission electron microscopỹ BF-TEM! and high-resolution transmission electron microscopy~HRTEM! techniques were employed to characterize this nanomaterial. A nanosized material with fibrous texture comprised of 140-160 nm striations was identified by BF-TEM imaging. HRTEM images show multiple atomic morphologies such as "helix-type," "doughnut-like," and tunnel structures lying on different crystallographic planes. The crystallographic parameters of this material were analyzed and measured by X-ray powder diffraction~XRD! showing that the synthesized nanomaterial is single phased and corresponds to cryptomelane with major diffraction peaks~for 108 , 2u , 608! at d-spacing values of 6.99, 4.94, 3.13, 2.40, 2.16, 1.84, 1.65, and 1.54 Å. A "doughnut-like" crystal structure was confirmed based on the crystallographic data. Structure and lattice parameters refinement was performed by XRD/Rietveld analysis. Simple simulation of HRTEM images and selected area diffraction patterns were applied to interpret the HRTEM images as observed.
INTRODUCTION
Researchers have invested great efforts in the synthesis of materials with various shapes including single crystals, wires, helices, rods, tubes, and films from inorganic materials~Wu & Bein, 1994; Giraldo et al., 2000 !. Cryptomelane, which is a 2 ϫ 2 tunnel-structure type manganese oxide, is one group of the octahedral molecular sieves~OMS! familỹ Shen et al., 2005 !. OMS materials are used in molecular sensing and separation technologies~Shen et al., 1993; Feng et al., 1999 !, catalysis~Ding et al., 2005 Ϫ4 MnO 2 at 608C in a closed reaction vessel and aging at 48C for 12 h. It was found that the aging time and concentration of O 2 affects the size of the crystals formed in the final product Cheney et al., 2006 !. In the preliminary microstructure investigation of the nanosized cryptomelane, a fibrous structure with about 140-160 nm striations was identified by bright field transmission electron microscopy~BF-TEM! imaging. Also the "helix-like" structures lying on~110! plane were apparently observed in the high-resolution transmission electron microscopy~HRTEM! image, but it was difficult to determine if the "helix-like" morphology in the HRTEM image arose from the real structure of material or artifacts, which are not surprised to be observed in HRTEM image due to sample thickness or image acquisition procedure. This study is to clarify the previous observation and identify the structure of this material by using transmission electron microscopy~TEM!, HRTEM simulation, and X-ray diffraction.
MATERIALS AND METHODS

Materials Synthesis
Inorganic cryptomelane nanomaterial was prepared by oxidation of MnSO 4 by KMnO 4 under acidic conditions. This procedure is a variation of the McKenzie method used for the preparation of cryptomelane. The synthetic procedure involved preparing 1 L of 0.5 mol of MnSO 4 in 2 mol acetic acid. The acidified MnSO 4 was added to a solution of 0.35 mol of KMnO 4 that was dissolved in 800 mL of 18 MV/cm H 2 O and then heated to 658C in a 4 L beaker for 2 h. Furthermore, the 4 L beaker was covered with a large watch glass that was set askew to allow a thermometer to be inserted in the beaker. The acidified MnSO 4 was added dropwise over a period of 2 h to the permanganate solution using a separation funnel, and then the temperature was increased to 808C and held for 10 min. The beaker was wrapped with aluminum foil, slowly cooled to room temperature, and left overnight for aging. This is the first key step. Subsequently, it was wet-aged for 48 h at 78C. This is the second key step. The resulting black manganese oxide powder, after the wet-aging process, was centrifuged at 2800 rpm, washed 13 times with 18 MV/cm H 2 O, and freezedried for 8 days. This is the third key step. The prepared black manganese oxide was then characterized using a number of analytical techniques. The more detailed synthesis procedure and physical properties of these inorganic cryptomelane nanomaterials were reported earlier~Cheney et al., 2006!.
Characterization Techniques
TEM images were obtained using a FEI Tecnai G 2 F30 Super-Twin TEM system. The TEM operates at 300 kV using a Schottky field emission gun as an electron source. Characterization of materials at resolution down to atomic scale~point-to-point resolution is equal to 0.2 nm! can be achieved. On-line HRTEM and selected area diffractioñ SAD! simulation was applied~WebEMAPS, Web Electron Microscopy Applications Software; http://emaps.mrl.uiuc. edu! to interpret the HRTEM images~Zuo & Mabon, 2004!. The sample was prepared for TEM analysis by placing 2-3 mg of the freeze-dried solid manganese oxide powder in 10 ml 2-propanol for 5 min of ultrasonic vibration to distribute the powder evenly throughout the mixture. One to two drops of this mixture were added to a holeycarbon-coated copper grid and then dried in a desiccator for 1 h prior to exposure to the high vacuum of the TEM.
The manganese oxide was also characterized by X-ray powder diffraction~XRD! using a PANalytical X'Pert PRO X-ray diffractometer at 258C with a CuKa radiatioñ 40 kV, 40 mA!, and a silicon-strip solid state detector X'Celerator!. The sample was prepared by suspending the synthesized manganese oxide powder and the SRM in ethanol to make slurry. The oxide powders were prepared on a low-background silicon sample holder with the addition of an internal standard~NIST SRM 640c, a ϭ 5.43088 Å!. The patterns were recorded at room temperature with step sizes of 0.0088, 2u, and 50 s per step. The phase constitution was characterized using the International Center for Diffraction Database~ICDD! for powder diffraction data. The quantification of the phase constitution was performed using Rietveld refinement~Topas 2.1.Bruker AXS! and the Inorganic Crystal Structure Database~ICSD!.
RESULTS AND DISCUSSION
BF-TEM Images and SAD Pattern
The BF-TEM and SAD images, which are shown in Figure 1a ,b, indicate that the synthesized cryptomelane particles display a fiber-like morphology. The SAD ring pattern suggests that the nanofibers were distributed randomly on the carbon film. Although the particles of manganese oxide in 2-propanol were subjected to ultrasonic vibration for 4-5 min, these nanofibers appeared to be aggregated and overlapped in some regions of the carbon grid as seen in the low magnification TEM image, Figure 1a . A particle analysis program embedded in the Digital-Micrograph~version 3.7.4! was employed to measure the dimension of these fibrous particles shown in Figure 2 , which represents the normal distribution of the average width and length of these particles, suggesting that most of the synthesized cryptomelane fibers have an average dimension in length of 137 6 68 nm and width of 14 6 7 nm. Figure 3 shows the HRTEM images along with their corresponding Fast Fourier Transform~FFT! patterns in different regions of the sample, exhibiting nonuniform atomic structures of the cryptomelane fibers, which is due to variation of the fiber orientation and thickness. In the well-defined lattice region, the FFT pattern shows the hexagonal shape. The d-spacings of the lattice varied with location and orientation. As shown in Figure 3 , in addition to the regular cryptomelane-type pattern, the spiraling along the radial direction of the fiber is clearly observed in some areas of sample indicative of "helix-like" structure with a separation lattice fringe of 6.9 Å. The region with the "helix-like" structure still shows the hexagonal FFT pattern, but some additional spots also can be found indicating the complication of structure. This observation has been reported earlier~Cheney et al., 2006!, wherein we could not ensure that the "helix-like" morphology is indicative of material structure or electron multislice scattering. The circled area shows the 2 ϫ 2 tunnel structure of nanosized cryptomelane as reported in Villegas et al.~2005!. Figure 4 shows the XRD patterns of the synthesized cryptomelane particles along with the analysis of the data using Rietveld refinement~Rwd!. Based on the XRD patterns as shown in Figure 4 , it was found that the sample in this study is single phased and the crystal structure of synthesized cryptomelane phase is very similar to the reported cryptomelane-Q structure with a K 2Ϫx Mn 8 O 16 stoichiometry~Vicat et al., 1986!. The cryptomelane-type potassium manganese oxide crystallizes in the tetragonal space group I4/m with lattice parameter a ϭ 9.886~1! Å and c ϭ 2.8538~5! Å. Its tunnel-type structure possesses pore sizes of up to 4.6 Å. Figure 5a displays the crystal structure model with four unit cells for this material, showing the tunnel-type structure in the unit cell and the "doughnutlike" chain structure for four unit cells. In Figure 5b the respective three-dimensional~3-D! crystal structure is displayed. Therefore, the X-ray diffraction peak intensities were calculated and the lattice parameters were refined using Si-SRM 640c as internal standard. The cryptomelanetype structure could be refined to residuals~Rwp! of typically 4%~Fig. 4!. The cryptomelane as measured was semicrystalline and the diffraction peaks~for 108 , 2u , 608! at d~h kl ! of 6.99, 4.94, 3.13, 2.40, 2.16, 1.84, 1.65, and 1.54 Å were obtained corresponding to the lattice planes 110!,~020!,~310!/~130!,~211!/~121!,~031!,~141!/~411!, 060!, and~251!/~521!, respectively. The crystallographic structural data of cryptomelane are displayed in Table 1 . We applied Rietveld analysis~TOPAS 2.1, Bruker AXS! to calculate and fit the measured peak intensities using pseudoVoigt profile functions. The semicrystalline nature of the synthesized cryptomelane is obvious, and applying the Scherrer equation, an average particle size of 155 6 5 nm was calculated, which agrees well with the measurement from the BF-TEM image as shown in Figure 2 .
X-Ray Powder Diffraction/Rietveld Analysis
HRTEM and SAD Simulation
It is common knowledge that an HRTEM image usually involves image artifacts due to the variation of instrumental parameters, as well as specimen limitation such as sample orientation and thickness. Instead of interpreting an HRTEM image intuitively as a direct projection of the real object, it is beneficial to simulate the image-forming process at HRTEM conditions to examine how closely the simulated image resembles the experimental image. Based on the XRD analysis results, the crystallographic data of cryptomelanetype potassium manganese oxide were input into an on-line simulation program~Zuo & Mabon, 2004!. Measuring the lattice d-spacings of the highlighted region in Figure 4 , it was found that the separation distance of the "helix-like" structure was 6.9 Å, and the d-spacing of the well-defined lattice region was 4.9 Å. According to the XRD results as shown in Figure 4 , these d-spacings correspond to the crystal planes of~110! and~020!, respectively. Thus, the HRTEM images through defocus~horizontal axis! and thick- ness~vertical axis! series and SAD pattern were simulated along the zone axis @110#, as shown in Figure 6 . The simulated diffraction pattern has a hexagonal pattern similar to the FFT pattern of the "helix-like" structural region in the HRTEM image as displayed in Figure 3 . In the twodimensional simulation matrix of the HRTEM images under the variation of the defocus and the thickness, the "helix-like" structure appears as the sample thickness increases to 250 nm and the defocus is equal to 40 nm. The appearance of the "helix-like" structures, as observed in Figure 3 , is probably due to overlapping and spiraled multiple layers of several nanofibers. As the thickness decreases, the tunnel-type lattice fringes can be observed in the simulated images~Fig. 6!. To exclude the artifact contrast of the HRTEM image caused by fiber overlapping or fiber segregation, a new TEM sample was prepared by placing only 1 mg of the freezedried solid manganese oxide in 2-propanol and then increasing the ultrasonic vibration time to 8-10 min to ensure improved homogeneity of the mixture as well as to reduce the particle density. Next, a drop of this mixture was placed on the carbon film grid. The HRTEM image was obtained as shown in Figure 7 . Evidently, the sample particles were still stacking with various orientations, in spite of the increase in ultrasonic vibration time and the decrease of solution density. In a thin region of the sample, a welldefined "doughnut-like" structure was evident along @001# direction. The tunnel structure was also observed in the single layer area along @110# direction, of which a crystal structure model was reported earlier~Vicat et al., 1986!, as seen in the inserted figure. The "helix-like" morphology appeared in the regions, which possessed multiple layers of fibers, although the orientation is along @001# direction as shown in the FFT pattern. This "doughnut-type" structure can be simulated by setting the zone axis to @001# as shown in Figure 8 , in which the similar structure can be found.
CONCLUSION
1. Cryptomelane-type manganese oxide was synthesized by a novel method producing nanosized material with fibrous morphology. 2. Applying microscopy techniques~HRTEM, HRTEM simulation! and XRD, the crystal structure of the synthesized cryptomelane-type manganese oxide was identified and the unit cell was refined. 3. The "doughnut-like" or tunnel structures were observed in HRTEM images when fibers were oriented in a different zone axis. The individual structures were confirmed by HRTEM image simulation. 4. The HRTEM simulation suggested that the appearance of a "helix-like" structure, as observed in HRTEM images, is due to overlapped and spiraled multiple layers of individual nanoslices. Furthermore, the helix-type appearance is not in agreement with the confirmed space group I4/m, which only possesses 2 1 and 4 2 screw axes and no screw axes that could explain the chirality of rotation. 
